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The nucleotide sequence is presented of part of the transcription initiation end of the nar operon of Escher- 
ichia coli K12, which encodes the respiratory nitrate reductase complex. The first coding sequence tran- 
scribed is the narG gene, encoding the large catalytic molybdoprotein of the complex. This sequence was 
assigned unambiguously by automated N-terminal amino acid sequencing of the purified large subunit. The 
deduced partial amino acid sequence of this polypeptide is hydrophilic and rich in basic residues. Membrane 
insertion does not involve N-terminal proteolytic processing of this subunit. 
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1. INTRODUCTION 
Respiratory nitrate reductase (EC 1.7.99.4) of 
Escherichia coli is a membrane-bound enzyme 
complex that enables nitrate to function as a ter- 
minal electron acceptor in cells growing anaerobic- 
ally. Its synthesis is induced by nitrate in the 
absence of oxygen and is repressed in aerobic 
growth [l]. The purified active nitrate reductase 
complex contains a large a-subunit (- 150 kDa, 
the catalytic polypeptide containing the molyb- 
denum cofactor and non-haem iron), a P-subunit 
(-60 kDa, possibly involved in membrane bin- 
ding) and in some preparations a y-subunit (- 19 
kDa, a b-type cytochrome) [2-51 (the subunits are 
named, respectively, A, B and C in [2,] [5]). 
Genetic evidence based on insertions of trans- 
posons TnZO [6,7], Tn5 [8] and bacteriophage/c [9] 
has demonstrated that these three polypeptides, 
and possibly other regulatory or uptake functions 
[6,7], are encoded by the nar operon at 27 units on 
the E. coli linkage map (previous names for this 
gene complex include chlC and narC) [lo]. The 
genes encoding the cy, /3- and y-polypeptides are 
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named, respectively, narG, narH and narI[8]. The 
properties of transposon insertion mutants [6,8,9] 
indicate, but do not prove, a direction of transcrip- 
tion narG+ H+ I. 
Molecular studies of these interesting genes and 
proteins at the sequence level are desirable but 
have previously been hindered by the large size of 
the a-subunit and by deleterious effects and 
genetic instabilities associated with cloned nar 
DNA. These problems have recently been over- 
come by our isolation of a reasonably stable 
cosmid clone, pNARl0, that carries functional nar 
DNA and other linked genes (submitted). We 
report here the nucleotide sequence of part of nar 
DNA that corresponds to the 5’-end of the nar 
transcript and the sequence coding for the N- 
terminal 147 amino acids of the u-subunit. This 
coding sequence was assigned definitively using 
solid phase automated amino acid sequencing of 
the N-terminal 10 residues of purified cu-polypep- 
tide. These sequences demonstrate that the narG 
gene is the promoter proximal structural gene of 
the nar operon, and that the a-polypeptide does 
not undergo post-translational proteolytic process- 
ing at its N-terminal end except for removal of 
N-formylmethionine. The region of the polypep- 
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tide sequenced is relatively hydrophilic and rich in 
basic residues. 
2. MATERIALS AND METHODS 
2. I. Bacterial strains and plasmids 
A nar+ strain of E. coli K12, X5119 (pro- 
AB-IacDXIII, spc’, supE+), was obtained from J. 
Scaife. Plasmid pAF5, a gift from A. Fimmel [l 11, 
has a 1.7 kb BamHI-Hind111 insert that includes 
part of nar DNA, defined in fig. 1, fused to 
bacteriophage h DNA (this DNA was cloned from 
a h-nar-IacZ fusion that placed 1acZ under nitrate 
and anaerobic control [ll]). Plasmid pNAR10 
(fig. 1) was cloned from a library of DNA of E. coli 
strain 803 in cosmid pBHB3030 (its isolation and 
properties are described separately (submitted). 
2.2. DNA sequencing 
The dideoxynucleotide method [ 121, supple- 
mented by reverse sequencing [131, was used to se- 
quence fragments of nar DNA in bacteriophage 
Ml3 vectors M13mp8 and M13mp9 [14,15], 
employing general methods previously used in this 
laboratory [16]. The 1.7 kb BamHI-Hind111 insert 
of pAF5 was recloned into M13mp8 and this clone 
was used as starting material for the preparation of 
deleted derivatives by restriction cleavage followed 
by fill-in using Klenow fragment and circularisa- 
tion by blunt-end ligation. Other deleted derivativ- 
es were made by digestion by exonuclease Bal-31 
following cleavage at the upstream PstI site in nar 
DNA (fig. l), followed by Hind111 cleavage, fill-in 
and recircularisation. Overlapping inserts were 
subcloned into M13mplO from restriction frag- 
ments of pNAR10 DNA and identified by plaque 
hybridisation. The sequences obtained from these 
pNAR10 fragments (by J.M. Cock in this laborat- 
ory) extended and confirmed the sequences obtain- 
ed from the pAF5 fragments and demonstrated 
that pAF5 and the corresponding part of pNARl0 
are colinear in sequence. 
2.3. Purification of the nitrate reductase large 
subunit 
Nitrate reductase was purified from 38 g cells of 
E.coli strain X5 119 harvested by centrifugation 
from cultures in L broth containing 0.2% (w/v) D- 
glucose and 0.1% (w/v) KNO3, anaerobically in- 
duced for 4 h. Purification and assay methods 
Fig. 1. Restriction map of the nar region of E. coli DNA 
and the location of the narG (a-subunit gene) coding se- 
quence. The location and direction of transcription of 
the narG gene and the approximate location of the narH 
gene are shown by blocks on the labelled right-pointing 
arrow. The upper map shows some restriction cleavage 
sites of the cosmid clone pNARl0, mapped from frag- 
ment sizes generated by single and double, complete and 
partial digests using the enzymes BarnHI (B), EcoRI (E), 
Hind111 (H), KpnI (K), SaA (S), SmaI (Sm) and X/z01 
(X). Other Hind111 sites exist between coordinates 0 and 
17.5 but have not been mapped accurately. The lower 
map shows restriction sites at higher resolution around 
the control region and part of the narG coding sequence, 
as deduced from the DNA sequence reported here and 
from Southern blots of restriction digests of pNARl0 
DNA hybridised with single-stranded DNA probes of 
this region subcloned into phage M 13 vectors (hybridisa- 
tion method of [21]). This map includes PstI (P) and 
PvuII (Pv) sites. Left- and right-pointing unlabelled ar- 
rows below the lower map show the extent and direction 
of nucleotide sequences determined from different 
clones in Ml3 vectors. Southern blots of restriction 
digests of chromosomal DNA of several strains of E. coli 
K12 were also hybridised with these single-stranded 
DNA probes and demonstrated colinearity of at least 
coordinates 8.7-28 of the pNARl0 restriction map (be- 
tween BarnHI and XhoI sites at these positions) with the 
E. coli chromosome. Closed and open triangles show ap- 
proximate sites of insertion of transposon Tn5 into the 
nar operon of the E.coli chromosome (81, as discussed 
in the text. 
were as in [2] with the following modifications: (i) 
0.02% (w/v) phenylmethylsulphonyl f uoride was 
added to the extraction buffer to inhibit pro- 
teolysis; (ii) for solubilisation of nitrate reductase, 
the washed envelope fraction was suspended in IO 
mM sodium phosphate buffer (pH 7.9) containing 
1 mM KN03 and 0.25% (w/v) Na deoxycholate, 
and heated for 15 min at 6O”C-70% of the activity 
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was recovered in the supernatant following this 
treatment; (iii) this supernatant was fractionated 
on a column of Sepharose CL4B (Pharmacia) in 
the above buffer lacking sodium deoxycholate. 
This column replaced the DEAE-cellulose and 
Bio-Gel steps of [2] and gave enzyme pure by 
criteria of protein-stained and activity-stained [4] 
polyacrylamide gels except for one minor con- 
taminating band. Active fractions, which contain- 
ed 4.2 mg protein and enzymic activity in NO? 
production of 68 pmol . min-‘, were concentrated 
by dialysis against 15% (w/v) polyethylene glycol 
PEG6000, and subunits were dissociated by dial- 
ysis against 100 mM Na phosphate buffer (pH 7.1) 
containing 1% (w/v) SDS and 1% (v/v) 2-mercap- 
toethanol for 3 h followed by dialysis against the 
same buffer but containing 0.1% (w/v) SDS and 
0.1% (v/v) 2-mercaptoethanol for 18 h. Two ml of 
this mixture were fractionated on a column of 
Ultrogel ACA34 (LKB) (63 x 1.6 cm) in the latter 
buffer. Fractions monitored by electrophoresis in 
0.1% (w/v) SDS-3% (w/v) polyacrylamide gels 
gave three separated peaks of protein, the first 
eluted containing 0.28 mg (1.9 nmol) pure large 
subunit, - 150 kDa. This was dialysed against 
0.1% (w/v) SDS and lyophilised. 
2.4. N-terminal amino acid sequence 
determination 
One nmol of lyophilised a-subunit was dissolved 
in 0.2 ml of 0.1 M NaHCOJ containing 4% (w/v) 
SDS and added to 100 mg p-phenylenediisothio- 
cyanate derivatised glass prepared as in [17]. To 
improve the efficiency of coupling of a large poly- 
peptide in the presence of SDS micelles, glass of 
170 A pore size was used instead of the commonly 
used 75 A size [ 181. The glass was incubated at 
56°C for 90 min under Nz, then washed with water 
and then methanol, both containing 0.5% (v/v) n- 
propylamine. The coupled protein was sequenced 
for 10 cycles using a Rank-Hilger APS 240 solid se- 
quencer (modified by A. Auffret of the SERC pro- 
tein sequencing roup, University of Leeds) and a 
sequencing buffer of 5% N-methyl morpholine- 
45% methanol-25% water-25% propan- l-01 
-0.1% n-propylamine (v/v) adjusted to pH 8.6 
with trifluoroacetic acid. Anilinothiazolinone 
amino acid derivatives were converted in 0.07 ml 
of 20% (v/v) aqueous trifluoroacetic acid for 12 
min at 72°C under Nz. Phenylthiohydantoin ami- 
no acid derivatives were identified by reverse-phase 
HPLC [19] and quantified by peak integration. 
3. RESULTS AND DISCUSSION 
Fig.2 shows the sequence of 509 nucleotides of 
nar DNA. Nucleotide 1 corresponds to the first 
nucleotide of a major nar transcript identitfied by 
nuclease Sl mapping (transcription studies will be 
reported separately, unpublished). Nucleotide 509 
is the boundary of the Hind111 site at coordinate 
19.7 (fig.1). Table 1 shows the results of quan- 
titative N-terminal automated amino acid sequenc- 
ing of the a-subunit of nitrate reductase. This 
amino acid sequence corresponds exactly to that 
deduced from the DNA (fig.2), and thus assigns 
the deduced coding sequence unambiguously to the 
a-polypeptide. The 147 amino acids deduced as the 
N-terminal part of this major molybdoprotein are 
rich in hydrophilic residues, especially arginine and 
lysine. Computer searches have not revealed any 
notable homology to other protein sequences. The 
codon bias in this coding sequence is typical of 
E.coli genes expressed at a medium to high level, 
according to the analysis of [20], in that a clear 
preference is shown for CTG(leucine), CCG(pro- 
line), ACC(threonine), CAG(glutamine), AAC 
(asparagine), AAA(lysine), CGT and CCC (argin- 
ine), and an absence of CTA(leucine) and ATA 
(isoleucine). 
The coding sequence is preceded by a strong 
Shine-Dalgarno sequence (AGGAG, fig.2). The N- 
terminal amino acid of the purified cu-polypeptide 
is the serine immediately following the initiating N- 
formylmethionine (table 1, fig.2). Therefore, there 
is no evidence from the sequence for post-trans- 
lational proteolytic processing of the cu-polpeptide 
at the N-terminal end, apart from removal of the 
N-formylmethionine. Since the nitrate reductase 
complex was released from membranes during 
purification, modifications of the a-subunit 
reported to be associated with membrane insertion 
[5] do not involve cleavage of a conventional N- 
terminal signal peptide, consistent with the sugges- 
tion [5] of covalent attachment of a cofactor. 
This precise localisaiton of the narG coding se- 
quence is consistent with an earlier approximate 
assignment based on the effects of transposon Tn5 
insertions [8], as indicated in fig.1. The leftmost 
insertion mapped [8] (leftmost solid triangle, fig. 1) 
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I . . .z. . . . 
GCCC~~A~ZATTAGCAATGTCGATTTATCAGAGGGCCGACAGCGTCCCACAGGAGA~AACCG AT  ACT AAA TTC CTG GAC CGG 'ITT CGC TAC TIC AAA CAG AAG 
(N) S K F L D R PRY F K Q K __-- I 
GGT GM ACC TTT GCC GAT CCC CAT GCC CAG CTT CTC MT ACC MC ‘XT CAC TCG GAG GAT GGA TAT CCC CAG CGT TGG CAG CAT GAC AAA 
G R T F A D G H G Q L L N T N R D W E D G Y R Q R W Q H D K 
Pvull 
. . . Pstl 
ATC GTC CCC TCT ACC CAC CCC CIA MC TGC ACC GGC TCCl TCG AAA ATC TAC CTC AAA MC GGT Cl'G GTC ACC TGG GAA ACC CAG 
IVRSTHGVtiCTGSCSWKIyvKNGLvTWSTQ 
. 
CAT ACT GAC TAT CCC CGT ACC CGT CCC CAT CTG CCA MC CAT GAA CCT CGC GGC TGC CCC CGC GGT GCC AGC TAC TCC TGG TAT CTT TAC 375 
QTDYPRTRPDLPKHEPRGCPRGASYSWYL~ 103 
. 
ACT GCC AAC CGC CTG AA., TAC CCG ATG ATG CCC AAA CCC CTG ATG AAA A?G TGG CCT GM CCC AAG GCG CTG CAT AGC CAT CCC GTT GAG 
S A N R L K Y P tl M R K R L k4 K tl W R E A K A L H S D P -J E 
105 
13 
195 
43 
265 
73 
465 
133 
. Hindlll -- 
GC., TGG GCT TCT ATC AIT GAA GAC 'XC CAT AAA GCG AM AGC TT 509 
AWASIIEDADKAKS 147 
Fig.2. Nucleotide sequence of nar DNA from the transcription initiation point into the nurG coding sequence. The DNA 
sequence was determined unambiguously from both strands, except for nucleotides 145-235 which were determined 
from several independent unambiguous gels of one strand only. The deduced partial amino acid sequence of the nitrate 
reductase cr-polypeptide is shown in l-letter code below the nucleotide sequence. The amino acids determined by 
automated sequencing (table 1) are underlined (right-pointing arrow). SD, Shine-Dalgarno (ribosome-binding) se- 
quence. The PstI, PvuII and Hind111 sites shown permit localisation and orientation of the sequence on the high resolu- 
tion restriction map shown in fig. 1. 
prevents synthesis of both the w and ,&- 
polypeptides [8]. Our sequence assignment places 
this insertion just upstream of the narG coding se- 
quence, approximately in the promoter region, 
Table 1 
Automated solid-phase sequencing of the nitrate reduc- 
tase a-subunit 
Cycle Residue identified Amount (pmol) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
_a 
b 
Phe 
Leu 
Asp 
Arg 
Phe 
Arg 
Tyr 
Phe 
Repetitive yield (Phe-3 to Phe-10) was 96.2% 
a Residue 1 cannot be identified as it remains covalently 
attached to the glass support via the N-terminal amino 
group 
b Residue 2 is a Lysine (from the DNA sequence, fig.2) 
and is not expected to be identified because it remains 
coupled to the glass via the c-amino group 
where it might be expected to disrupt transcription 
of the whole operon. Insertions that give truncated 
cY-polypeptides [8] fall within the DNA we assign 
to the a-subunit coding sequence (other solid black 
triangles, fig.1). An insertion that disrupts the fl- 
subunit coding sequence but leaves the a-subunit 
intact [S] (open triangle, fig.1) suggest that the 
narH gene, encoding the ,&polypeptide, is likely to 
be located immediately downstream of narG, as 
shown in fig.1. 
Present evidence suggests that the promoter 
region of the nar operon, complete with sequences 
necessary for control by nitrate and anaerobic 
growth, is located within the adjacent 101 nucleo- 
tides upstream of the transcribed sequence shown 
in fig.2, since this is the total extent of nar DNA 
in the pAF5 insert as far as the junction with 
bacteriophage h DNA (unpublished). The h- 
nar-lucZfusion from which the pAF5 insert was 
cloned [l l] showed control of IacZ characteristic 
of the normal anaerobic control of nar, and show- 
ed nitrate control that qualitatively resembled nor- 
mal nar control but with quantitative differences 
[ 111. The narG coding sequence is therefore clearly 
the promoter proximal coding sequence of the nar 
operon. The existence of functional nar DNA on 
clone pNAR10 will now permit extensive detailed 
263 
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studies of the structure and function of this impor- 
tant set of genes and proteins at the sequence level. 
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